. Fabrication procedures for GO membranes.
Experimental setup
Metal containers for permeation experiments were fabricated from an aluminum alloy and sealed by using two O rings that clamped the Cu foil from both sides, as shown schematically in fig. S2 . The studied GO membranes could withstand a differential pressure of up to 0.1 bar, which indicates strong adhesion between GO and the copper surface.
For gravimetric measurements (see Fig. S2A ), the containers were specially designed to minimize their mass. The weight loss was monitored by using a computer-controlled precision balance (ADAM Equipment Ltd; accuracy 1 mg). All the gravimetric experiments were carried out in an argon atmosphere in a glove box with a negligible water pressure (<10 -3 mbar). If the containers were sealed with submicron GO membranes, no weight loss could be detected for any liquid other than water. For the case of an open aperture, evaporation rates for other liquids were higher than for water (for example, ≈1.3, 6.0 and 8.3 mg/h/mm 2 for ethanol, hexane and acetone at room temperature (T), respectively). To calculate the upper limits for permeability of the liquids (shown in Fig. 2b ), we used their partial pressures at room T. In additional experiments, we made sure that water did not 'wick' between GO and Cu. To this end, we evaporated a thick aluminum film outside the freestanding part of the GO membrane to seal its boundary so that no water could possibly evaporate from the edges of GO membranes. This was further crosschecked by using a specially-designed container that did not allow any weight loss, even if water could evaporate from the membrane's periphery. Furthermore, the evaporation rate did not change if we turned the container upside down (that is, the liquid rather than vapor was in direct contact with the GO membrane). This observation is consistent with the high capillary pressure (see below), and our model in which the water loss rate is limited by evaporation from the wetted top surface of GO membranes.
For mass spectrometry and pressure monitoring, we made larger containers that incorporated inlets with the standard vacuum flanges to allow pumping, pressure gauges and controllable supply of gases ( fig. S2B ). As a mass spectrometer, we used helium-leak detector INFICON UL200 which allowed detection of helium and hydrogen.
SOM Text

#1 Influence of humidity on water permeation through GO membranes
We have studied the evaporation rate as a function of water's partial pressure ΔP. At room T, 100% relative humidity (RH) corresponds to ≈23 mbar of H 2 O. We could change RH (and, hence, ΔP for water) inside our sealed container by using various saturated salt solutions (11, 30) . To this end, the calibrated salts were wetted with distilled water and placed at the bottom of the container without any contact with the studied membranes. For each salt as well as for distilled water, we measured the water permeation by the weight loss method. The salts we used were potassium chloride that provides 85% RH, sodium chloride (75%), magnesium nitrate (55%), potassium carbonate (43%), magnesium chloride (33%), potassium acetate (23%) and lithium chloride (11%). Figure S3 shows the influence of RH (that is, differential vapor pressure ΔP) on water permeation through one of our GO membrane (thickness h ≈0.5μm). For comparison, we also plot the measured evaporation rate for the same aperture but in the absence of the GO film (it was mechanically removed).
For 100% RH, both open aperture and GO membrane exhibit nearly the same permeation rate as shown in figure S3 and, also, Fig. 2a of the main text. However, for lower humidity the permeation rate through GO starts showing strong deviations from that through the open aperture. In the latter case, the evaporation rate decreases linearly with decreasing RH, as expected. In contrast, the GO membrane exhibits a strongly nonlinear behavior and, for RH below 50%, the water permeation rate through the membrane becomes much smaller than through the same open aperture. The permeation stops at RH below 20% (fig. S3 ). The RH required for the stoppage varied from sample to sample and, for some membranes, it stopped at RH as high as 30%. The blocked (dried-out) membranes fully recovered to their initial highly-permeable state after a prolonged (>1day) exposure to 100% humidity. The blockage induced by low RH can be attributed to changes in GO's interlayer spacing d as it happened when GO membranes were reduced by annealing (main text). Indeed, it was previously reported (11, 12) that graphite oxide exhibited a decrease in d with decreasing RH such that d changed from ≈11 to 7Å for RH varying from 100 to 30%, respectively. To confirm this effect for our GO films, we have carried out their X-ray analysis at various humidity and found d close to the values reported in (11) . Therefore, it is clear that RH controls the interlayer separation in our GO laminates too. For 100% humidity, the observed separation of ≈10Å should be sufficient to accommodate one monolayer of H 2 O molecules and allow their diffusion. For lower RH, this freedom of movement becomes restricted because of smaller d. As more and more capillaries dry out and become effectively closed, the water permeation can be expected to stop. This is our model discussed in the main text, supported by molecular dynamics (MD) simulations and explained in more detail below. Figure 1c of the main text shows schematically the suggested permeation path for water through GO membranes. They have a layered structure made of graphene sheets separated by an interlayer distance d between ≈7 and 11Å, depending on the humidity (see #1). Taking into account that the electronic clouds around graphene sheets extend over a distance of a ≈3.5Å, the above separation d translates into an 'empty' space of width δ = (d -a) =3 to 7Å, which can be available for other molecules to diffuse.
#2 Length of 2D capillaries and flow velocity
With reference to Fig. 1c , the complete path of water through a GO film of thickness h involves a number of turns N =h/d, and each turn involves a capillary length L ~1µm (we assume that the crystallites have the same typical width and length). Therefore, the total length l of each effective channel is given by N×L, yielding l ~1 mm for our typical 1-μm-thick membrane. The total number of the channels per unit area can be estimated as by 1/L 2 , that is, our membranes with a typical area of ≈1cm 2 effectively contain ~10 8 parallel 2D channels. Nanocapillaries occupy a relatively small part of the total membrane area (πD 2 /4) and this fraction ν can be estimated as δ/L ~0.1%. To sustain the observed evaporation rate Q ≈50mg/h per cm 2 at room T (main text and below), it requires a flow inside the capillaries with velocity V =Q/νρ where ρ is the water density. This yields V of the order of 0.01 cm/s. Note that this is a lower bound for V because some inner capillary area is blocked by epoxy, hydroxyl and other functional groups.
#3 Permeation of helium in high humidity
As the distance d between graphene sheets strongly depends on humidity, the suggested permeation mechanism implies that other molecules may start permeating through GO membranes under high humidity conditions when the graphene capillaries become wider. Although they are filled with intercalating water, other atoms and molecules may diffuse through water. To check this hypothesis, we have carried out additional experiments in which He (20 mbar) was added to the saturated water vapor. Figure S4 shows the observed He-leak rate as a function of time for a 1-µm-thick GO membrane. One can see that, in high humidity, helium indeed starts permeating through GO. Initially its speed increases with time as the membrane gets hydrated and, after a few hours, the leak saturates to practically a constant value. For comparison, the figure also shows that the same GO membrane was leak tight with respect to dry helium.
The observed leak for the case of humid He can be explained by diffusion of He atoms through an equivalent column of water. As shown in #2, our capillaries effectively add up to a water column of approximately 1 mm high with a cross-section of ≈10 -3 cm 2 . The diffusion coefficient of He in water is known to be ≈6×10 -5 cm 2 /s (31). It is straightforward to estimate that the He leak rate through the water column is of the same order of magnitude as the rate observed in fig. S4 .
The observed permeation rates for He through intercalating water are low, even in the case of high humidity and, therefore, one can generally expect that under the same circumstances larger molecules will diffuse even slower than helium. He mass spectroscopy is known to provide an exceptionally high sensitivity and, not surprisingly, our other techniques (including H 2 mass spectroscopy) did not allow detection of larger molecules escaping through GO membranes exposed to high humidity. Another example we studied was a mixture of water and ethanol. Starting with a 50-50 solution, we observed that water vapor escaped from the container sealed with a GO membrane (approximately 2 times slower than in the case of pure water). The detected weight loss changed in time, according to a partial pressure of water inside the container, until the concentration of ethanol reached ≈80% and the capillaries become sealed because of low humidity. These experiments using He, H 2 and ethanol confirm that, in high humidity when d is large, the intercalating water at least impedes larger molecules from moving through graphene nanocapillaries. Fig. S4 . He leak rate as a function of time for a µm-thick GO membrane in zero and high humidity (1 cm 2 area). The dashed red curve is a guide to the eye.
#4 Effect of membrane thickness on water permeation
The observation of the same evaporation rates from an open container and the same container covered with a 0.5-µm-thick GO membrane (Figs. 2a, S3 ) poses an important question: at what thickness does the presence of the GO films start playing any role? To answer this question, we employed GO membranes with h up to 10 µm, the maximum thickness that we could achieve by spray/spin-coating. Fig. S5 . Dependence of the evaporation rate on GO membrane's thickness (symbols). The dashed curve is a guide to the eye. The upper axis shows the effective channel length l that is calculated as described in #2. Figure S5 shows water loss rate Q as a function of h. The measurements were carried out by the same gravimetric method under the identical conditions. It is clear that the vapor barrier is practically absent for the submicron GO membranes but gradually builds up for thicker films. For our thickest membrane, the flow is impeded by a factor of two. The observed changes in the evaporation rate have allowed us to estimate the permeation value for bulk GO, which is given in the main text.
#5 Comparison with classical flow equations
It is instructive to compare the experimentally observed permeation rate with that expected from the classical equations for the given sizes of nanocapillaries. If we assume that H 2 O permeates through our GO membranes as a gas and, therefore, the Knudsen regime is applicable (diffusion is limited by collisions with graphene walls), the mass flow per unit area can be estimated as
where M is the molecular weight of water, R the gas constant and 1/L 2 the area density of 2D channels. For simplicity, let us consider our thickest membrane (h ≈10 μm and the effective channel length l ~10 mm), in which the observed weight loss becomes limited by GO properties rather than the aperture's area ( fig. S5 ). At this thickness, the membranes allow flux Q ~25 mg/h per cm 2 (see fig. S5 ). On the other hand, the Knudsen formula for such membranes yields Q ~10 -9 mg/h per cm 2 . This is ten orders of magnitude smaller than the H 2 O flux observed experimentally.
Alternatively, assuming that water inside our nanocapillaries behaves as a classical liquid, we can employ the Hagen-Poiseuille equation
where η is the viscosity of bulk water (1 mPa⋅s) and ρ its density. For the other parameters remaining the same, the latter equation yields Q ~10 -6 mg/h per cm 2 , that is, nanoconfined water exhibits a flow enhanced by a factor Θ ~10 7 with respect to the classical laminar regime. In both equations above, we have assumed the differential pressure ΔP to be 23 mbar (100% RH).
However, monolayer water interacts with the graphene surface and, according to van-der-Waalsenergy considerations (26) , this interaction should lead to a high capillary-like pressure P of ≈10 3 -10 4 bar. This is in conceptual agreement with our molecular dynamics (MD) simulations below, which yield P of the order of 10 3 bar. Therefore, it is appropriate to use the latter value as the driving pressure ΔP in the Hagen-Poiseuille equation. Then, our experiments infer an enhancement factor Θ of only a few hundred, in agreement with the enhancement factor that was recently (20, 32) revised for the case of sub-1-nm nanotubes with one file of moving water. Furthermore, the enhanced water flow in nanoporous materials is often described by the slip length l S , a parameter describing the lowered friction between water and capillary walls. Our experiments allow an estimate for l S ~Θ⋅δ/8 ≈10-100 nm, again in agreement with the most recent measurements for the correlated water flow in the 1D geometry (20) . Let us note that when using the Hagen-Poiseuille equation we assumed in there the viscosity of bulk water. The reason for this is that it is a convention in the carbon nanotube literature to calculate Θ with respect to η for bulk water (17, 18) . This assumption is justified by the fact that the effective viscosity of nanoconfined water remains within a factor of 3 of its bulk value (33) . Moreover, it has recently been found that, for monolayer water, η returns to close to the bulk value (34).
#6 Atomistic simulations of water dynamics in 2D graphene capillaries
To gain a theory insight about water permeation through sub-1-nm-wide 2D capillaries, we employed classical MD simulations, which have previously been proven an efficient tool to investigate molecular transport at nanoscale. According to our model described in the main text, we simulated our nanocapillaries as being formed by two pristine-graphene sheets. 'Oxidized' regions play a role of spacers that keep graphene planes ≈7 to 10Å apart. Figure S6 illustrates this model further by showing the GO structure, according to its current understanding (4) (5) (6) 13, 14, 35) . There are pristine and oxidized regions on graphene sheets, which have a typical size of several nm (13, 14, 35) . According to our MD analysis below, H 2 O molecules can form a 2D network (15, 16) between pristine-graphene sheets for d >6Å (central part in fig. S6 ). This monolayer water is expected to be highly mobile, similar to the case of the water files formed in small-diameter carbon nanotubes (17, 18, 20, 21) . Due to hydrogen bonding and a narrower space available for diffusion, water is expected to be less mobile within the oxidized regions that are randomly covered with epoxy, hydroxyl, etc. groups ( fig. S6 ). This is also in agreement with our MD simulations using 10Å graphene capillaries covered with epoxy groups. If humidity becomes low so that GO films dry out, the nanocapillaries narrow in both oxidized and pristine regions. This narrowing of pristine-graphene nanocapillaries results in blocking of the water transport as schematically indicated by the dashed lines in fig. S6 . Our simulations of water dynamics through graphene nanocapillaries were carried out by using the LAMMPS software package from Sandia National Laboratories (36). Figure S7 shows the setup that consists of two graphene reservoirs and a connecting 2D graphene capillary. All the carbon atoms in the model are assumed static. For water simulations, we have employed the SPC/E model (37) with the O-H bond length of 1.0Å and the H-O-H angle of 109.47°. The harmonic style was used for both bond and angle potentials (see LAMMPS Manual). The charges on the oxygen site and the hydrogen sites were chosen -0.8476 e and +0.4238 e, respectively (e is the free electron charge). The electrostatic interaction was modeled by using the Coulomb potential. Van der Waals interactions between atoms were described by a 12-6 Lennard-Jones (LJ) potential with parameters ε O-O =0.1553 kcal/mol and σ O-O =3.166Å. The particle−particle particle−mesh solver was applied to account for the truncation of the long-range electrostatic forces (36). The LJ potential parameters for the C-O interaction were calculated by the LorentzBerthelot combining rules, and we used the same parameters as in ref. 38 , that is, ε C-C =0.0553kcal/mol, σ C-C =3.4Å, ε C-O =0.0927kcal/mol and σ C-O =3.283Å. The cut-off distance for all LJ potentials was chosen 10Å. For computational efficiency, LJ parameters for the atomistic interactions involving hydrogen atoms were set to zero. The simulations were carried out for T = 300K.
To account for the dimensionality, we used the periodic boundary conditions with a period of ≈21Å (out-of-plane direction in fig. S7 ). The length of the 2D capillary in figure S7 is ≈74Å  (30 graphene hexagons) . The length of the left reservoir is ≈50Å and its height ≈75Å. The MD simulations were carried out for 4 different widths d of the 2D slit: namely, 6, 6.5, 7 and 7.5Å (measured between the centers of carbon atoms). A fixed number of water molecules were initially put in the left reservoir, while the capillary and the right reservoir were kept empty. If a water molecule passed through the channel, it disappeared ('evaporated') at the other end, in the right reservoir. The number of water molecules entering the right reservoir is shown as a function of time in figure S8 . Our MD simulations revealed that water molecules tended to enter the capillary and initially moved through it with a velocity of ≈20m/s ( fig. S8 ). They reached the evaporation point after ~0.4 ns for all the channels with d >6Å. On the other hand, the 6Å channel did not allow any noticeable permeation. This indicates that d >6Å is necessary to accommodate a single layer of water between the simulated graphene sheets. The initial density of water in the reservoir was chosen larger than that of bulk water. Still, the differential pressure could not cause any flow through the 6Å slit. For the wider capillaries, the density of water molecules in the left reservoir gradually decreased because of the evaporation process and, therefore, the differential pressure decreased too. This is why water molecules moved fast during the first 2 ns and then slowed down ( fig. S8 ). Importantly, after 5ns, the water density in the left reservoir became close to or smaller than that of bulk water. In this regime, the initial hydrostatic pressure is no longer the driving force but water molecules still fill in and move through the capillary.
The fact that the water fills the 2D channel even under a negative pressure in the left reservoir indicates an additional driving mechanism that can be attributed to the interaction between monolayer water and graphene walls in the capillary, as discussed above. We have carried out further MDS to estimate this effective capillary pressure P. To this end, simulations were restarted from molecular configurations reached after 10ns, when the channel was fully filled, and an additional force was applied to all oxygen atoms in the direction against the flow. This mimics a gravitational force and can directly be translated into an extra capillary pressure P in the slit. We found that if P exceeded ≈500 bars, water molecules in the channel were pulled back to the left reservoir, and the 2D capillary started to dry out. The found value of P in our 1-nm-sized slit is in qualitative agreement with the estimate (26) by using the van-der-Waals interaction energy between water and graphite. 
